ABSTRACT: The possible effect of Caulerpa taxifolia (Vahl) C. Agardh on 2 Mediterranean macrophytes (Cystoseira barbata f. aurantia and Gracilaria bursa-pastoris) was studied. The experiments were carried out with seasonal periodicity. Productivity of C. barbata f. aurantia placed in contact with C. taxlfolia was lower in spring and summer The resistance of G bursa-pastoris to C. taxifolia appeared to be effectlve throughout the year. In the presence of C. taxifolia extracts, both species showed lower productivity, but C. barbata f. aurantia appeared to be more sensitive than G. bursapastoris. Productivity started to fall at lower concentrat~ons in summer and autumn than in winter or spnng, in agreement w~t h the annual variability of the extracts' toxicity.
INTRODUCTION
The introduction of the tropical alga Caulerpa taxifolia (Vahl) C . Agardh in the western Mediterranean (Meinesz & Hesse 1991) and its rapid expansion along the coasts of France, Italy and Spain (Meinesz et al. 1994b (Meinesz et al. , 1995 have led to a biological invasion, which could involve a change in the composition of the littoral communities. Several studies have been developed, within the framework of a Life Programme of the European Community, with the aim of determining the impact of the populations of C. taxifolia on the autochthonous species and communities.
The Mediterranean specimens of Caulerpa taxifolia have given rise to dense, almost monospecific fields, which can develop on all sorts of substrate, totally or partially displacing the local populations. A regression of the autochthonous algal flora is observed in the areas colonized by C. taxifolia (Boudouresque et al. 1992) . In these areas the populations of photophilous algae of the sublittoral exhibit elimination or reduction of indigenous species (Verlaque & Fritayre 1994) . There is, consequently, strong competition for space and light between C. taxifolia and the other phytobenthic species.
Other factors may, however, favor the invading species. Most Caulerpales synthesize toxic terpenoid compounds (Patterson et al. 1984 , Paul & Fenical 1986 , Meyer & Paul 1992 . Caulerpenyne is a main secondary metabolite of Caulerpa taxifolia; it is an acetylenic sesquiterpene, which is specific to Caulerpa, as described by Amico et al. (1978) for C. prolifera. It has recently been shown that the Mediterranean populations of C. taxifolia synthesize not only caulerpenyne, present in all species of Caulerpa, but also other potentially toxic terpenes, described in these plants for the first time: Taxifolial A, Taxifolial B, Taxifolial C, 10, 11 epoxycaulerpenyne and the monoterpene Taxifolial D . Some of these compounds could be products of degradation or a precursor of caulerpenyne .
Several authors have demonstrated that the toxic compounds of Caulerpa taxifoha could be released into the surrounding water (Cuny et al. 1994 , Giannotti et al. 1994 , Merino et al. 1994 , 1995 . This assumption is inferred from the behavior of some organisms in contact with C. taxifolia both in natural populations and in laboratory cultures.
The aim of this study is to determine whether the toxicity of Caulerpa taxifolia could have a negative effect on Mediterranean phytobenthos. The species tested were 1 Phaeophyceae, Cystoseira barbata (Goodenough & Woodward) C. Agardh f . aurantia (Kutzing) Giaccone, and 1 Rhodophyceae, Gracilaria bursa-pastoris (Gmelin) Silva, the same as used in preliminary studies (Ferrer et al. 1995a (Ferrer et al. , b, 1996 . We designed our experiment on controlled cultures in the laboratory so that the only variable was the presence of Caulerpa toxins in the water. We measured the variation in the productivity of the tested species in response to different levels of these toxic compounds.
MATERIAL AND METHODS
Since the toxic effect of Caulerpa taxifolia on the macrophytobenthos is difficult to distinguish from other competition effects in situ, the experiments were carried out in laboratory cultures. The tests were performed in February (winter), May (spring), August (summer) and November (autumn) 1994, as the level of toxic metabolites in C. taxifolia varies with the time of year (Lemee et al. 1993) .
The taxa of the local algal flora tested were Cystoseira barbata f , aurantia and Gracilaria bursa-pastoris, collected seasonally in the Bay of Els Alfacs (Delta de L'Ebre, Spain) between 0.5 and 2 m depth. These taxa do not occur naturally with Caulerpa taxifolia in the Bay of Els Alfacs at the moment, although the environmental characteristics of this closed bay could permit the development of C. taxifolia, as has happened in other sites of the Mediterranean Sea. In spite of this, these taxa were chosen because they can be easily cultured in laboratory since they are free-living plants.
Specimens of the 2 taxa tested were harvested a few days before the beginning of the experiments and allowed to acclimatize to the aquarium environment.
Two independent series of experiments were performed in the laboratory to assess (1) the direct effect of the presence of Caulerpa taxifolia on the 2 macrophytes mentioned above and (2) the effect of methanol extracts from C. taxifolia on these taxa. Both experiments were carried out simultaneously and, as mentioned above, with seasonal periodicity.
In the first seasonal series of experiments, monospecific cultures (alga tested alone) were used as controls, and mixed cultures (alga tested with Caulerpa taxifolia) were used to test the potential toxicity of this species. Specimens of C. taxifolia were collected seasonally off Cap Martin (France), at 10 m depth, and they were transported to the laboratory in oxygenated, thermally isolated drums. The cultures were kept in 40 1 aquaria with natural sea water filtered through a Millipore membrane (0.22 pm pore size) and renewed each week. In the mixed cultures, the biomass of C. taxifolia for aquarium was 250 g fresh weight and the ratio of the biomass of t h s species to that of the taxon tested was 2:l.
In the second seasonal series of experiments methanol extracts of Caulerpa taxifolia were used instead of the whole plant. These extracts were obtained by R. Lemee and P. Amade (Universite de Nice-Sophia Antipolis, France) from samples of this species collected seasonally off Cap Martin, at 10 m depth. To obtain these extracts the whole plant (fronds, stolons and rhizoids) was introduced into a methanol solution which, once filtered, was subjected to a vacuum drying process to be subsequently recovered in ethanol ( Lem6e et al. 1993 ). The resulting solution was stored at -40°C. The algae were tested seasonally with different concentrations of extracts corresponding to the same seasons ( Table 1) . As the toxicity of C. taxifolia 1s at a maximum in summer and autumn (Lemee et al. 1993) we tested lower concentrations in these 2 seasons. The dilutions necessary to obtain these different concentrations were obtained with ethanol since the methanol extract has a low solubility in water. For each taxon there was a control culture (in sea water) and cultures with the different concentrations of extract used (in sea water with extract). A control culture for the ethanol (in sea water with ethanol at the greatest concentration used in the dilutions) was carried out in the first experiment of this series (winter); as the results pointed out that the presence of ethanol in the water did not influence the productivity of the tested species, we did not repeat this control on the other seasons. The aquaria used for this series of experiments all had a capacity of 3 1, and the biomass of the alga tested in each one was around 25 g fresh weight.
All the experiments were carried out with an average irradiance of 150 pE m-' s-' and with a photoperiod of 12:12 h. The temperature of the water was set at 13, 18, 25 and 18"C, respectively, in winter, spring, summer and autumn, in order to reproduce the environmental conditions of the natural habitat. The response of the tested species to the presence of Caulerpa taxifolia or its extracts was demonstrated by the variation in their productivity. Productivity was measured as the variation in the dissolved oxygen concentrations using the bottle incubation system (Littler 1979) . Carbon productivity values were calculated from oxygen data using a photosynthetic quotient of 1. Productivity of controls and treated Cystoseira barbata f . aurantia and Gracilaija bursa-pastoris was measured daily for 5 d . After this period factors other than the Caulerpa effect begin to appear, which could modify the results. The first measure was carried out 12 h after putting the tested species in contact with Caulerpa taxifolia. Once a day 5 fragments (5 replicates) weighing 0.2 g were incubated from each culture, that is from the control cultures, the mixed cultures and the cultures with different concentrations of extract. The incubation irradiance was 300 PE m-2 S-' and the time of incubation 1 h.
The statistical treatment for both experiments corresponds to a Student's t-test, with a confidence interval greater than 95 %.
was significantly lower (a < 0.05) than that of the monospecific culture specimens. The differences were greater in sunlrner, when this reduction represented between 20 and 30% of the productivity of the controls. In autumn, despite a certain decline in the productivity of the alga in the presence of C. taxifolia, the differences were not significant. No effect was detected in winter.
Productivity of Gracilaria bursa-pastoris was not signiflcantly affected by the presence of Caulerpa taxifolia in any season of the year (Fig. 2) . A certain increase in the values corresponding to mixed cultures was observed in some cases, but these differences were not significant. The small differences detected in the winter samples were probably due to the morphological heterogeneity of the fragments.
RESULTS

Effect of Caulerpa taxifolia extracts
Effect of Caulerpa taxifolia plants The response of Cystoseira barbata f . aurantia and Gracilaria bursa-pastoris, respectively, to the presence The effect of Caulerpa taxifolia on Cystoseira barbata of methanol extracts of Caulerpa taxifolia in different f. aurantia depended on the season (Fig. 1) . In spring and seasons is shown in Figs. 3 & 4. summer, the net productivity of the specimens of C. barIn winter the productivity of Cystoseira barbata f. bata f. aurantia placed in contact with the tropical alga aurantia significantly decreased in plants maintained in cultures with more than 125 pg ml-' of extract, although some effects were noticed at lower concentrations (Fig. 3a) . In Gracilaria bursa-pastons, a significant decrease appeared at concentrations equal to or greater than 250 pg ml-' only on the first and second days (Fig. 4a) . In spring, the productivity of the specimens of C. barbata f . aurantia, 1 d after introdu.cing the extract (Fig. 3b) , was significantly reduced at concentrations equal to or greater than 30 pg ml-l. The productivity of G. bursa-pastoris was significantly lower at concentrations equal to or higher than 250 pg ml-l (Fig. 4b) . In summer, the significant reduction in the photosynthetic rate appeared at concentrations of between 5 and 10 pg ml-' for C. barbata f. aurantia (Fig. 3c ) and 15 pg ml-' for G. bursa-pastoris (Fig. 4c) ; at higher concentrations the differences were much greater than in other seasons. Finally, in autumn the productivity of C. barbata f. aurantia and G. bursa-pastoris to the extracts became significantly lower at 5 pg ml-' (Figs. 3d & 4d) . Consequently, the maximum concentrations above which a significant reduction in productivity was observed were much lower in summer and autumn than during the other seasons of the year and C. barbata f. aurantia was more sensitive to the methanol extracts than G. bursa-pastoris.
Moreover, the effect of the extract ceased to be significant after 2 to 3 d, although at high concentrations (125, 250 and 500 pg ml-l) or in the seasons during which the influence was greatest it persisted until the end of the experiment. This decline in influence could be explained by the degradation of the caulerpenyne, which can take place after 24 or 48 h (Lemee pers. comm.). The toxicity of its degradation products remains to be established.
DISCUSSION
As mentioned in the 'Introduction', some algae, including the Caulerpales, synthesize toxic or repellent secondary metabolites as a strategy against herbivory and epiphytism (Lewis 1985 , Paul & Fenical 1987 . In Caulerpa taxifolia caulerpenyne is the most abundant and the most active sesquiterpene (Lemee et al. 1993) . Moreover, in the Mediterranean population, it is more abundant (0.2% of fresh weight) than in the other tropical species of Caulerpa . Paul & Fenical (1986) suggested that the diacetoxybutadiene group is responsible for the toxicity of caulerpenyne; this group is unknown in terrestrial nat- ural products, while it is characteristic of the Caulerpales (Paul & Fenical 1987) .
Little is known about the ecological role of the secondary metabolites synthesized by Caulerpa taxifolia in marine organisms that live close to it. In the Mediterranean some of its secondary metabolites are toxic to some organisms, such as sea urchin eggs, mammalian cells in culture and mice (Lemee et al. 1993 ). In the biotopes colonized by C. taxifolia, modifications have been observed in situ that suggest the diffusion of its toxic con~pounds in the surrounding water. For example, the presence of C. taxifolia affects the population structure of bacteria, increasing the proportion of Gram negative and reduction of the Gram positive bacteria (Giannotti et al. 1994) . Moreover, in the leaves of Posjdonla oceanica in fields colonized by C. taxifolia there is an increase in the level of phenolic compounds and a greater abundance of cells with tannins (Cuny et al. 1994 ), all of which are considered a s plant defence. In addition, the presence of C. taxifolia inhibits the population growth of certain microalgae in vitro (Merino et al. 1994 (Merino et al. , 1995 ; this was most evident in summer, when all the species tested were affected (Merino et al. 1996) . Furthermore, the metabolites released by C, taxifolia reduce the daily food intake of the sea urchin Paracentrotus lividus (Gobert 1992) .
Our results show a negative effect of Caulerpa taxifolia, either due to direct contact or to contact with its extracts, on the productivity of certain species of macroalgae.
The effect of Caulerpa taxifolia plants on the brown algae Cystoseira barbata f . aurantia is greater in spring and summer, and very weak in autumn. These results agree only partially with those of Lemee et al. (1993) , who report maximum toxic effect in summer and autumn. The lack of agreement could b e due to the fact that the maximal production of toxins by C. taxifolia does not necessarily coincide with the maximal release of them into the medium, since these processes depend on the biological cycle of this alga. In contrast, the absence of a chemical effect on Gracilaria bursa-pastoris suggests that certain marine macrophytes could possess mechanisms of resistance.
The presence of extracts of Caulerpa taxifolia in the cultures reduced the productivity of the algae tested, depending on the concentrations of the extracts. The impact of the extracts depended on the season, and was maximal in summer a n d autumn. The response of Gracilaria bursa-pastoris to the presence of extracts was, although positive, lower than that of Cystoseira barbata f . aurantia, in agreement with the results obtained in the preliminary experiments. For the same concentration of extract, for example 125 pg ml-l, the productivity of C. barbata f. aurantia was around 5 m g C g -' DW h-' in winter, had a value of 2 in spring. 1 in summer and reached negative values in autumn. These results agree with those obtained by Lemee et al. (1993) , who reported maximum toxic effect of C. taxifolja in summer and autumn.
The seasonal variation in toxicity of Caulerpa taxifolia may reflect a seasonal variation of the biosynthesis of secondary metabolites. These variations are probably due to the different levels of concentration of caulerpenyne. Starting from the analyses carried out by R . Lemee on the samples used in our study, it was determined that the percentage of caulerpenyne of the corresponding extracts was lower than 0.2 "G in winter, 2.3 in spring, 7.7 +0.5 % in summer and 19 *l '0 in autumn. Thus, following the above example, a n extract with a concentration of 125 pg ml-' presented a level of caulerpenyne of 0.25 pg ml-' in winter, 2.87 pg ml-' in spring, 9.62 pg ml-' in summer and 23.75 pg ml-' in autumn.
For their part, the productivity of the control specimens of Cystoseira barbata f. aurantia presented seasonal variations, which are related to their life cycle observed in situ, with 2 peaks of growth, one in spring and the other in autumn (Ferrer 1993) . If the productivity curve of this taxon (maximum productivity in autumn) is compared with its response to the extracts (minimum productivity in autumn), it can be deduced that this productivity reduction is mainly related to the presence of toxins. Moreover, this reduction can increase since this species shows its maximum of activity in this season; in general organisms in active growth are more sensitive to toxins than when they are in a dormant phase.
Although the effect of the extracts was clearly shown by these experiments, the concentrations used were higher than those found in nature. To assess the impact of a dense population of Caulerpa taxifolia in nature it is necessary to b e able to measure the concentrations of toxic metabolites dissolved in the water. It would also be interesting to discover the process of diffusion of these compounds in the water and to relate this to the life cycle of C. taxifolia. The results of our study with whole C. taxifolia specimens showed that impact was maximum in spring and summer, which conflicts with the maximum levels of caulerpenyne of this plant, but which did, however, agree with the maxima of growth and development of the natural populations of C, taxifolia. This suggests that the chemical effect of C. taxifolia in nature could be linked to their physiological state rather than to the maximum production levels of toxic metabolites. Moreover, necrosis a n d loss of fronds, which are difficult to reproduce in the laboratory, occur in C. taxifolia at the end of autumn and in winter. Future studies should attempt to analyze the concentration of these toxic metabolites or their degradation products, which are released during the loss of fronds. Taking into account that frond length is maximal in autumn (Meinesz et al. 1994a) , as is the level of toxins, the diffusion of toxic compounds could also be very high at this time of the year.
In conclusion, although the success of the expansion of Caulerpa taxifolia in the Mediterranean is probably related to its greater competition for space and light, there is, in certain seasons of the year, a chemical action which inhibits the productivity of some species of autochthonous algae.
